Abstract. Liver cancer is one of the most serious life-threatening diseases in the world. Although the rodent model of hepatocellar carcinoma (HCC) is commonly used, it is limited when considering preclinical applications, including transarterial chemoembolization. The pig is a more appropriate model for applying preclinical procedures as it has similar anatomical and physiological characteristics to humans. In the current study, transgenic fibroblasts were generated that overexpressed two proto-oncogenes specifically in hepatocytes. Porcine TGF-α and c-myc genes were isolated and these were linked with the porcine albumin promoter, which has exhibited selective activity in liver cells. Targeting vectors were introduced into the porcine fibroblasts using a liposome-mediated delivery system and the transgenic cell line was screened with 3 weeks of G-418 treatment. Selected vector-positive colonies were further confirmed with polymerase chain reaction-based genotyping. Thus, the transgenic cell lines created in the current study should induce liver cancer in pig models following somatic cell nuclear transfer.
Introduction
Liver cancer is one of the most life-threatening diseases in the world, and encompasses several histologically different primary hepatic malignancies, including cholagiocarcinoma, hepatoblastoma and hemangiosarcoma. However, the most common type of liver cancer is hepatocellular carcinoma (HCC) which accounted for 70-85% of all cases in 2011 (1) . Liver carcinogenesis is a multistep process. The presence of specific risk factors promotes gene damage, leading to a cascade of molecular and cellular deregulation that ultimately results in transformation of hepatocytes (2) . The ideal therapy for HCC is surgical resection and transplantation, but a lack of liver donors limits the use of these methods. Thus far, transarterial chemoembolization (TACE) is the preferred treatment choice for liver cancer and improves the survival rate of patients (3) . Regardless of extensive research into procedures, devices and the application of anti-cancer agents for TACE, the absence of a suitable animal model to replace the rodent model has been the major factor impeding progression in this field.
Several genetically engineered models of HCC have been developed since the early 1980s when the transgenic mouse technique was first introduced (4) . Transgenic mice expressing Simian virus 40 large T-antigen in their hepatocytes developed HCC at the age of 8 months (5) . In another study, all transforming growth factor α (TGF-α) and c-Myc (Myc) transgenic male mice presented HCC within 8 months (6) . Establishing successful animal models of HCC is crucial for basic and translational studies of HCC. A plethora of HCC mouse models are currently available, which has provided researchers with the opportunities to assess tumor-host interactions, perform drug screenings, mimic the complex multistep process of liver carcinogenesis and conduct various therapeutic experiments (2) . However, no mouse model is ideal for the purpose of studying surgical procedures and devices, due to their small body size relative to humans. Thus, alternative models are required to overcome this size limitation.
One of the best candidates is the pig model, as pigs possess anatomical and physiological characteristics similar to those of humans (7) . Studies have previously been conducted in pig models of human diseases using transgenic and somatic cell nuclear transfer (SCNT) technologies (8, 9) . In the present study, the hepatocyte-specific TGF-α and Myc overexpression strategy of previous mouse models (4,6) was adopted in order to allow for the generation of a pig model of HCC in future. To minimize off-target expression of the two proto-oncogenes in the present study, progressive in vitro experiments were performed using a vector constructed in liver and kidney cell lines. The resulting transgenic cell lines were obtained and the insertion of the transgenes in their genomic DNA was checked to confirm that they could be used as donor cells for SCNT.
Materials and methods
Cell culture. Unless otherwise indicated, all cells were grown at 37˚C in 5% CO 2 , and all cell culture materials were obtained from PAA Laboratories GmbH (Pasching, Austria).
Hep G2 and 293T cells were provided by Dr. Young-Wook Cho (Korean Basic Science Institute, Chuncheon, Korea). To obtain porcine fibroblasts, a pig uterus containing a fetus (male, ~30 embryonic days old) was transported to the laboratory from a local slaughterhouse (Wonju, Korea). After sterilizing, fetal ears and skin were isolated and minced with a surgical blade in a culture dish (35-or 100-mm; SPL Life Science Co., Gyeonggi-do, Republic of Korea), and subjected to Dulbecco's modified Eagle's medium (DMEM) supplemented with 0.1% (w/v) trypsin/1 mM EDTA for 1-2 h. Trypsinized cells were subsequently cultured for 6-8 days in DMEM supplemented with 10% (v/v) FBS and a 10 µg/ml penicillin/streptomycin solution. When the cells were fully confluent, they were collected by trypsinization and were frozen in DMEM supplemented with 40% FBS and 10% dimethyl sulfoxide. Porcine peripheral blood monocytes were isolated using lymphocyte separation medium (LSM; Sigma-Aldrich, St. Louis, MO, USA) from freshly drawn peripheral venous blood obtained from domestic pigs. Briefly, EDTA (1.5 mg per ml of blood; Sigma-Aldrich) treated blood (10 ml) was diluted with equal volumes of PBS and 10 ml of LSM was carefully poured into a centrifuge tube (SPL Life Science Co.). The tube was centrifuged at 500 x g at room temperature for 30 min to create a blood-LSM interphase. The mononuclear cell layer was collected into a new tube and diluted with three volumes of PBS. The tube was centrifuged at 500 x g at room temperature for 10 min. To eliminate RBC contamination, the cell pellet was further treated with RBC lysis buffer (Intron Biotechnology, Seongnam-si, Korea). All cells were cultured in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS), 50 U/ml penicillin and 5 µg/ml streptomycin.
RNA extraction and genomic DNA extraction. Hep G2 cells and peripheral blood mononuclear cells from the pig were subjected to TRIzol reagent (Invitrogen, Carlsbad, CA, USA) to extract total RNA. The RNA concentrations were determined with a spectrophotometer (NanoDrop 2000c; Thermo Scientific, Wilmington, DE, USA) and the RNA was reverse-transcribed into first-strand complementary DNA using Moloney Murine Leukemia Virus Reverse Transcriptase (Invitrogen) according to the manufacturer's instructions. Genomic DNA was isolated by a G-DEX™ IIc Genomic DNA Extraction kit (Intron Biotechnology).
Polymerase chain reaction (PCR) and quantitative (q)PCR.
PCR reactions were performed with LA-Taq polymerase (Takara Bio, Inc., Otsu, Japan) or i-StarTaq polymerase (Intron Biotechnology). The name of PCR fragments, the sequences of primers, the sources of genes (GenBank ID) and the added restriction enzymes are described in Table I . Primers were synthesized by Macrogen (Seoul, Korea). The PCR reactions involved denaturing at 95˚C for 30 sec, annealing at 60˚C for 30 sec, and extension at 72˚C for 30 sec to 3 min depending on the size of the products (1 min/kb). The PCR products were subjected to cloning processes and/or separated on an agarose gel (1 or 2%; Invitrogen), stained with ethidium bromide (Invitrogen) and photographed under UV illumination (AE-9150 EZ-Capture II; Atto Corporation, Tokyo, Japan). For gene quantification, qPCR was performed using FG Power SYBR-Green PCR Master mix (Applied Biosystems, Carlsbad, CA, USA) and Eco Real-Time PCR system (Illumina, San Diego, CA, USA).
Vector construction. Unless otherwise indicated, all restriction enzymes and cloning enzymes were obtained from Enzynomics (Daejeon, Korea). The genes isolated by PCR were cloned into a yT&A vector (TA vector; RBC Bioscience Corp., Taipei, Taiwan), and the insertion of nucleotide sequences (Macrogen) was confirmed and/or subjected to further sub-cloning.
To create the overexpression vector, two proto-oncogenes were inserted into pIRES2-DsRed-Express™ (Clontech Laboratories, Mountain View, CA, USA). For the luciferase assay, several promoter regions of the porcine albumin (Alb) gene were inserted in pGL4.10 (Promega Corporation, Madison, WI, USA). The selected promoter region was further ligated upstream of the proto-oncogenes of the overexpression vector. The two overexpression vectors, pAlb-TGF-RFP and pAlb-Myc-RFP, were displayed by schematic diagrams using PlasmTM (version 2.1.5.30; http://biofreesoftware.com). Fluorescence signals were observed using a fluorescence microscope (Nikon, Tokyo, Japan).
Transfection and promoter assessment. Transfection was conducted using Lipofectamine™ 2000 (Invitrogen) according to the manufacturer's instructions. 293T cells and Hep G2 cells (3x10 5 cells) were plated in 24-well plates (SPL Life Sciences) one day prior to transfection. The promoter constructs (1.6 µg) and pRL-TK (3.2 ng; Promega Corporation) were mixed with serum-free DMEM containing Lipofectamine™ 2000 (Invitrogen) and then added to the wells. Following incubation overnight, the cell culture media were replaced with DMEM containing 10% FBS with 10 µg/ml penicillin/streptomycin solution and incubated for an additional night. Cellular lysates were assayed for luciferase activity using the Dual-Luciferase Reporter Assay system and a GloMax 20/20 Luminometer (Promega Corporation). The relative luciferase activity (%) was calculated as luciferase activity/Renilla luciferase activity.
Western blotting. The cell lysates were prepared using mild lysis buffer (150 mM NaCl, 1% Triton X-100, 50 mM Trisbase, pH 8.0; Sigma-Aldrich). Western blots were prepared, probed at 4˚C overnight with c-Myc antibody (SC-40), TGF-α antibody (SC-36) or actin antibody (SC-1615), and then further probed at room temperature for 3 h with the horseradish peroxidase-conjugated secondary antibodies (SC-2005 or SC2020; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA). The membranes were visualized using PowerOpti-ECL solution (BioNote, Hwasung, Korea) as described in the manufacturer's instructions and images were captured using the EZ-Capture II (Atto Corporation).
Establishment of transgenic cell lines.
To determine an appropriate G-418 (Roche, Indianapolis, IN, USA) concentration, 500 porcine fetal fibroblasts were seeded in 96-well plates (SPL Life Sciences) and were treated with various dosages (15.7, 31.1, 62.3, 125, 250, 500, 1,000 and 2,000 µg/ml) of G-418 or triton X-100 (0.01%; Sigma-Aldrich) for 3 days. The survival rate was measured using Cell Counting kit-8™ (Dojindo, Kumamoto, Japan). To create stable cell lines, porcine fetal fibroblasts (5x10 6 cells) were plated in a 100-mm culture dish (SPL Life Sciences) 1 day prior to transfection, and transfected with 24 µg linearized overexpression vectors using Lipofectamine™ 2000 (Invitrogen). Following incubation for 6 h, the media were replaced with DMEM containing 10% FBS and 125 µg/ml G-418 for 24 h. The concentration of G-418 was gradually reduced to 30 µg/ml at which point colony formation occurred and then the colony was transported to a 6-well plate (SPL Life Sciences) in order to increase the cell number for further study. Fully confluent colonies in the 6-well plate were divided into two portions and subjected to PCR-based genotyping or stored (5x10 5 cells per vial) in the liquid nitrogen tank until required for SCNT in future studies. 
Results

Cloning of porcine TGF-α and Myc genes.
To create a mechanism to induce carcinogenesis in the pig liver, two proto-oncogenes (TGF-α and Myc) were isolated from the porcine peripheral blood monocytes by reverse transcription-PCR (Fig. 1A) . The isolated genes were cloned into a TA vector (Fig. 1B) and the nucleotide sequences were confirmed by a sequencing analysis (data not shown). TGF-α or Myc genes were further cloned into the overexpression vector containing the gene for red fluorescent protein (RFP; the marker of translation) conjugated by the internal ribosomal entry site (Fig. 1C) . The translational activities were further checked in a cell line by transient transfection of these overexpression vectors controlled by a universal (cytomegalovirus; CMV) promoter. The vectors presented RFP signals, which indicated the successful translation of TGF-α or Myc in vivo (Fig. 1D ). In addition, the overexpressed TGF-α and Myc proteins in porcine fibroblasts were confirmed by immunoblotting (Fig. 1E) . Thus, two proto-oncogenes were isolated from the pig to induce carcinogenesis in future studies.
Assessment of porcine Alb gene as a promoter.
To selectively induce the proto-oncogenes in hepatocytes, the liver-specific promoter Alb (pAlb) was assessed. Several regions of the porcine Alb promoter were isolated from the genomic DNA of fetal fibroblasts using PCR ( Fig. 2A) and then cloned into the TA vector (Fig. 2B) . The isolated promoters were sub-cloned into the vector encoding luciferase to assay the relative promoter activity (Fig. 2C ). To confirm a hepatocytespecific Alb promoter, kidney (293T) and liver (Hep G2) cell lines were used. As expected, albumin mRNA was detected in the Hep G2 cells, but not in the 293T cells (Fig. 2D) . The luciferase vectors were transiently transfected into the two cell lines and luciferase enzyme activity was measured (Fig. 2E) . pAlb (-1k) represented 70% of promoter activity in Hep G2 cells when compared with a thymidine kinase (tk) promoter, which was used as a positive control. The same promoter in 293T cells represented <20% of the activity. However, the luciferase activities of pAlb (-2k) were lower than that of pAlb (-1k) and not different between cell types. The longest promoter regions, pAlb (-3k), presented very weak promoter activities similar to a negative control, pGL3-Basic. On this account, the pAlb (-3k) data were eliminated from Fig. 2E . This indicated that the pAlb (-1 k) was the best candidate to selectively express the two proto-oncogenes in hepatocytes. Thus, the porcine promoter region (-1,036 to -7 nt) was selected to induce hepatocyte-specific expression.
Construction of overexpression vectors to induce HCC in a pig model.
For the final transgenic vectors, the Alb promoter was transfected into the vectors that overexpress the two proto-oncogenes (Fig. 3A) . Two overexpression vectors are represented in Fig. 3B and these were confirmed by the digestion patterns in Fig. 3C . The functional properties of the vectors were further confirmed with RFP ( Fig. 3D) and Myc (Fig. 3E) 
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had functionally induced two proto-oncogenes specifically in hepatocytes.
Generation of transgenic cell lines to be used as the source of nuclear transfer.
To generate transgenic cell lines for SCNT, the transgenic vectors were linearized with a restriction enzyme (NheI) and introduced into porcine fetal fibroblasts via a liposome-mediated DNA delivery system. This delivery system avoided unwanted side-effects, which may originate from the viral mediating system. To aid the screening of a positive clone, the cytotoxicity of neomycin was assayed using the fibroblasts; concentrations of >30 mg/ml G-418 effectively eliminated (<20% survival rate) non-transgenic cells within 3 days (Fig. 4A) . The antibiotic-resistant clones were screened for >3 weeks until colony formation occurred and they were then further confirmed using PCR-based genotyping (Fig. 4B) . The integration rates of the transgenic vectors into genomic DNA were >500 copies when compared with the copy of the endogenous porcine albumin gene (data not shown). Thus, three transgenic cell lines (TGF-α, Myc, and a combination of the two) were generated and these can be used in future SCNT to produce liver cancer porcine models.
Discussion
Liver cancer is a lethal disease and the well-defined risk factors for HCC in humans include cirrhosis, chronic hepatitis B and C viral infection, chronic alcohol consumption and afatoxin-B1 intake. Animal models are widely used to improve our understanding of HCC, in particular mouse models (4) . These mouse models include the carcinogen-induced model, the implantation model, the genetically engineered mouse, and the viral hepatocarcinogenesis model, which are distinguished by etiological aspects (4). However, none of the currently available mouse models meet all the criteria for the ideal animal model, including biological, genetic, etiological and therapeutic criteria (10) . The most frequently used method for creating a model for HCC is carcinogen treatment, and numerous chemicals have been shown to induce tumors in the mouse liver (11, 12) . Hepato-carcinogens induce cancer via genotoxic and/or epigenetic (or non-genotoxic) effects. The genotoxic carcinogens induce genetic changes in the target cell, so that it develops into a pre-neoplastic state. The epigenetic carcinogens stimulate the pre-neoplastic state to evolve into a malignant neoplasm by controlling cell proliferation, apoptosis and cell differentiation without DNA modification (12) (13) (14) . Common hepatocarcinogens include diethylnitrosamine and phenobarbital (4, 15) . These chemicals are either administered to newborn mice in order to determine genotoxicity, or for longer periods to induce epigenetic carcinogenesis (11, 16) . Although carcinogen-induced mouse models for HCC are useful for establishing an association between carcinogen exposure and specific genetic changes, the influences of gender, age and the genetic background of the mice on the predictability of HCC development remain disadvantages of these models (17) .
More than 80% of HCCs in humans are attributable to infection with either the hepatitis B virus (HBV), the hepatitis C virus (HCV) or infection with both (18) . This virus-mediated HCC is characteristically preceded by liver cirrhosis and may take more than two decades to develop, implying that hepatocarcinogenesis caused by viral hepatitis requires multiple steps of genetic alterations (19) . In addition, HBV and HCV require the presence of human hepatocytes to induce hepatitis, due to the stringent human tropism of these viruses (20, 21) . Although viral hepatitis is the main cause of HCC, the relatively long pathogenesis and the lack of the virus inducing HCC in porcine models restrict us from using this method of viral hepatocarcinogenesis.
Although the exact genetic events in hepatocarcinogenesis are not clear, there is evidence that the p53, Rb and Wnt/β-catenin pathways are involved (22, 23) . Several transgenic mouse lines that are currently used to induce the formation of HCCs are transgenic in one of these pathways (4). Of the transgenic mice expressing the Simian virus 40 large T-antigen that are directed to the liver by the promoter of antithrombin-III, albumin and α-1-antitrypsin, the majority developed hepatocarcinoma within one year (5, 24, 25) . The T-antigen causes malignant transformation of the host cell primarily by inactivating the tumor-suppressor genes; P53 and Rb (26, 27) . A double transgenic mouse model overexpressing TGF-α and Myc developed HCC substantially quicker and at a higher rate than the single transgenic 8-month-old mice (100% of males and 30% of females) (4). This gender-dependent carcinogenesis is similar to the human etiology (4) . Based on the mouse models, it is expected that the transgenic cells originating from the pigs in the current study will induce HCC at an early age.
Although surgical approaches such as liver resection and transplantation are considered the most effective treatments to cure HCC, a large portion of patients are unsuitable candidates for these approaches due to the development of multicentric tumors, extrahepatic metastases and early vascular invasion, in addition to a shortage of donor organs, a high complication rate and comorbidities (28) (29) (30) (31) (32) . Local methods of tumor ablation including TACE, percutaneous ethanol injection, radiofrequency ablation (33) (34) (35) , microwave coagulation therapy and laser-induced thermotherapy are commonly used (36) . TACE has become one of the most common forms of interventional therapy due to its low systemic toxicity and high therapeutic results (37) (38) (39) . Although several methods and devices for treating HCC have been developed and applied in clinical settings, these are still limited by the lack of an appropriate animal model. To replace the current rodent model, we suggest a pig model, which has similar body size and physiological aspects to humans.
Pigs are one of the major animal species used in translational research and are being used as an alternative to the dog and monkey as the non-rodent of choice in preclinical research (7) . Multiple technical procedures for the use of pigs in translational and preclinical studies are available, and numerous studies regarding the anatomy, physiology and pathology of the pig are also available (40, 41) . Pigs have been the preferred option as a model for surgical training and research into methods including interventional catheter techniques, complex trauma procedures and endoscopic procedures. Pigs are also ideal animals for the development of devices and techniques, and the US Food and Drug Administration has previously accepted data from pigs (7). This supports the rationale for the use of pigs as a liver cancer disease model and an alternative choice of non-rodent species.
In the present study, transgenic cell lines that contained two well-known proto-oncogenes (TGF-α and Myc) controlled by porcine albumin promoter were generated, and they may induce HCC in a porcine model. The expression of a combination of two proto-oncogenes was adopted to maximize carcinogenesis, based on previous mouse models (4). The albumin promoter was the best candidate to selectively express the genes in hepatocytes and it was demonstrated that the selected porcine albumin promoter region was highly active in the liver cell line (Hep G2) but not in the kidney cell line (293T). Although HCC occurrence in the pig model was not demonstrated in the present study, the current transgenic cells have the potential to generate an HCC pig model to replace the classical rodent model, which has multiple limitations.
